[1] Submersible-based geologic observations and geochemical, magnetic paleointensity, and ( 210 Pb/ 226 Ra) radioactive disequilibria data indicate that at least five distinct lava sequences (three normal mid-ocean ridge basalt (N-MORB) and two transitional mid-ocean ridge basalt (T-MORB)) have been erupted within the last several hundred years along a 27-km-long portion of the fast spreading East Pacific Rise near 17°30 0 S. Isotopic and geochemical variations, both within and between eruptive units, indicate mixing of different primary magmas concurrently with differentiation in shallow-level subaxial magma reservoirs. Differentiation trends are linked to geographical variations in axial magma chamber (AMC) characteristics, with the lowest MgO samples erupted above the shallowest portion of the AMC, suggesting that preeruptive magma temperature is in part controlled by the depth-dependent efficacy of hydrothermal cooling. A third-order axial discontinuity at $17°29 0 S coincides with a narrowing of the subaxial melt lens and an increase in lava MgO to the south; we interpret the latter to reflect a sharp increase in the mixing proportion of recharge to low-MgO magma residing in the melt lens. Magmatic evolution of this area over the last few hundred years reflects continually evolving conditions in the subsurface and mantle melting processes that vary rapidly at rates that are at least as great as the eruption rate.
Introduction
[2] The study of individual volcanic eruptions on mid-ocean ridges provides constraints on the nature and timescales of magmatic processes, including the diversity of mantle source rocks, frequency and nature of magma recharge and eruption, and the relative roles of magma mixing and differentiation processes. The character and along-axis scale of compositional heterogeneity within and between individual eruptions has implications for the efficacy and spatial and temporal scales of mixing in subaxial magma reservoirs, and for magma recharge events.
[3] Two aspects of the southern East Pacific Rise (SEPR) near 17°30 0 S make this area particularly useful for the study of lava flows at high spatial and temporal resolution. Very high spreading rate ($146 mm/a, where a is years) [Naar and Hey, 1989] corresponds with high eruption frequency of generally low-volume single eruptive episodes [Sinton et al., 2002] ; thus the sampling rate of subaxial events is likely to be as high as on any submarine mid-ocean ridge on Earth. This is also a region of moderate isotopic heterogeneity [Mahoney et al., 1994; Hall et al., 2006] and variable melting produces a wide range of magma compositions that can be used to track parent melt compositions and mixing in the shallow crust. In this study we report and investigate the geographical extent of magma types and geochemical heterogeneity of several discrete eruptive units along the SEPR between 17°21 0 S and 17°36 0 S, and the implications of new age constraints for the timing of shallow-level magmatic processes to unprecedented scale. Although the data and observations presented here also have implications for understanding mantle melting in this area, a detailed analysis of those processes will be presented in a future contribution.
[4] The SEPR near 17°30 0 S represents a maximum in magma supply for the $1100-km-long region extending from the Easter Microplate near 23°S to the Garrett Fracture Zone near 13°S. The ridge axis is shallowest between 17°and 17°30 0 S and the axial cross-sectional area is greatest near 17°30 0 S [ Scheirer and Macdonald, 1993] . Average depth of the seismic reflector interpreted to be the top of the axial magma chamber (AMC) is shallower here than on the northern East Pacific Rise (EPR) between 9°and 10°($1.3 km versus $1.6 km) and is less than 1 km from the seafloor at 17°26 0 S [ Detrick et al., 1993] . The axial mantle Bouguer anomaly reaches a regional minimum between 16°a nd 19°S; perhaps a result of lower-density mantle [Cormier et al., 1995] .
[5] MgO contents of axial lavas from 14°30 0 S to 20°42 0 S form a broad dome centered around 16°-19°S [Sinton et al., 1991] Bach et al., 1994; Mahoney et al., 1994; Niu et al., 1996; Kurz et al., 2005] . The near-axis region is populated by an unusual abundance of seamounts that have greater isotopic variability than the axial lavas ( 87 Sr/ 86 206 Pb/ 204 Pb: 18.078 -19.280, e Nd : +10.8 to +6.3) [Scheirer et al., 1996; Niu et al., 1996; Hall et al., 2006] .
[6] Submersible and camera tow observations during the 1990s of fresh lava flows with little or no sediment cover and both diffuse and high-temperature hydrothermal venting [Renard et al., 1985; Auzende et al., 1994 Auzende et al., , 1996 Embley et al., 1998; Sinton et al., 2002] indicate that this region is one of frequent and recent volcanic activity [Auzende et al., 1996] . In January to February 1999, we conducted a field program designed to map and sample the products of individual eruptions on the SEPR between 17°25 0 S and 18°37 0 S. Nine Alvin dives were conducted between 17°25 0 S and 17°36 0 S [ Sinton et al., 2002] , supplementing observations and samples from Nautile and Shinkai 6500 dives during 1993 and 1994, respectively [Auzende et al., 1996; Embley et al., 1998 ]. Lava samples were collected by wax core and dredge in areas not traversed during submersible operations.
Methods

Geological Observations
[7] Superposition of flow units, differences in sediment cover, and abrupt changes in flow morphology along dive track lines define lava flow boundaries and age relations among geologic units on the seafloor. We have integrated observations, dive transcripts, video and photographs from Nautile and Alvin, and geological interpretations from Shinkai 6500 dives with DSL-120 side-scan sonar and bathymetry data [White et al., 2000] and chemical analyses of rock samples to create a geologic map showing the distribution of lava flow fields and geochemical lava types (Figure 1 ).
Microprobe Glass and Olivine Compositions
[8] Basalt glass separates from 156 samples were analyzed for major and minor elements by electron microprobe at the University of Hawai'i (UH) ( Table 1 ). The reported chemical composition for each sample is an average of 5 -12 analyses performed on three to four ultrasonically cleaned glass chips using an accelerating voltage of 15 kV, beam current of 10 nA, and 20 mm beam diameter, and normalized to oxide values for Makaopuhi glass standard A99. Samples were calibrated using glass standard A-99 (Si, Ti, Fe, Mg), Juan de Fuca glass standard VG-2 (Al, Ca, Na), and apatite (P) and orthoclase (K) mineral standards. Olivine phenocrysts in seven polished thin sections were analyzed with similar beam conditions using diopside (Si, Ca), olivine (Mg, Fe), garnet (Mn), and Ni metal (Ni) calibration standards. Complete sets of major and minor element glass data and olivine data are available as auxiliary material 1 files.
XRF Whole-Rock Compositions
[9] Fifty-three whole-rock samples were analyzed for major, minor and selected trace elements (Sc, V, Cr, Co, Ni, Cu, Zn, Rb, Sr, Y, Zr, and Nb) using a Siemens 303AS X-ray fluorescence (XRF) spectrometry system at UH (Tables 2a and 2b ). Samples were broken with a tungsten-carbide-plated, hydraulic rock splitter, cleaned, and then crushed for approximately 5 minutes using an alumina mill. Two fused buttons for major elements and one pressed powder pellet for trace elements were prepared for each sample following procedures modified from those of Norrish and Hutton [1969] and Chappell [1991] . Each pressed powder pellet was analyzed twice for trace elements, averaged results are presented here. A complete set of whole-rock major and trace element data is available as an auxiliary material file.
Isotope and Isotope-Dilution Analyses
[10] Eleven basaltic glass samples were analyzed for Pb and Sr isotope composition and Pb concentrations by thermal ionization mass spectrometry (TIMS) using a VG Sector instrument at UH (Table 1) ; six of those samples were also analyzed for Nd isotopic composition. All isotopic composition and dilution measurements were made on fresh, generally phenocryst-free chips of handpicked glass following procedures similar to those of Mahoney et al. [1992] . Selected U-series nuclides were analyzed at UH on $1 g of fresh, hand-picked glass that was digested, dissolved and split into three aliquots for 226 Ra, 210 Pb and Th-UBa-Sr isotope dilution analysis, respectively. Th-UBa-Sr concentrations and ( 226 Ra) activities were (0.03) . A complete set of major and minor element glass data is available as auxiliary material Table S1 . Trace elements were measured by ICP-MS (Element 2) except where noted; values are means of three individual analyses performed at the University of Hawai'i. Mean trace element concentrations and standard deviations (in ppm) of 9 repeat analyses of rock standard 0.2), Sr (402, 3.4) , Y (30.2, 1.1), Zr (178, 2.6), Nb (19.3, 0.6), La (15.8, 0.27) , Ce (39.2, 0.7), Pr (5.7, 0.12), Nd (25.1, 0.9), Sm (5.95, 0.1), Eu (1.97, 0.03), Gd (6.15, 0.18), Tb (0.93, 0. 
ICP-MS Trace Element Data
[11] Trace element data for selected samples were obtained on fresh, hand-picked glass chips by inductively coupled plasma mass spectrometry, using an Element 2 instrument and rock standard calibration at UH. Data are means of three consecutive analyses of the same solution (Table 1 ).
Age Constraints
[12] Understanding absolute timescales is essential in any geologic study, but accurate dating of youthful submarine lava has proven to be a difficult task. This study employed three methods: field observations, ( 210 Pb/ 226 Ra) geochronology and magnetic paleointensity, to constrain relative and absolute eruption ages and magmatic process timescales.
Geologic Constraints
[13] The two primary field observations used to constrain relative ages of lava units were superposition (stratigraphic relationships) and sediment cover. Sediment cover provides a crude but effective method for estimating relative ages of lava in an environment of steady deposition and limited reworking. The method can be complicated by local hydrothermal venting, bottom currents, and how sediments coat different lava morphologies (low-relief surfaces are more easily covered at uniform sediment thickness). Nevertheless we were able to document flow contacts with differences in sediment cover from the submersible, providing a relative eruption chronology. crustal magmatic processes, until recently primarily in island arc or oceanic island settings [Oversby and Gast, 1968; Gill and Williams, 1990; Sigmarsson, 1996; Gauthier and Condomines, 1999; Turner et al., 2004] . With a half-life of $22 a, disequilibria between these two U-series nuclides has potential for elucidating magmatic processes occurring $10-120 a ago. Rubin et al. [2005] Ra) disequilibria has been on the seafloor for significantly less than $120 a, but also that combined melting, transport, and residence times in shallow magma reservoirs is very short, amounting in total to a few decades.
Magnetic Paleointensity
[15] The magnetic paleointensity of submarine basaltic glass can be used as a chronometer by comparison to known geomagnetic field intensity variations [Pick and Tauxe, 1993; Kent and Gee, 1996; Mejia et al., 1996; Carlut and Kent, 2000; Carlut et al., 2004] . Seven samples from this area were analyzed as part of a study of the effect of cooling rate on paleointensity in submarine basaltic glass [Bowles et al., 2005] , providing age estimates for geologic units that are further interpreted here. Details of the Thellier-type magnetic paleointensity methods at Scripps Institution of Oceanography are given by Bowles et al. [2005] . Eruption age estimates were calculated by comparing magnetic intensity values for each sample with models of geomagnetic field intensity variations derived from historical measurements [Jackson et al., 2000] .
[16] Unfortunately, there is little knowledge of the absolute magnitude or rate of change in geomagnetic field intensity prior to $1840 A.D. Additionally, Bowles et al. [2006] found that some MORB of known age near 9°50 0 N EPR yielded paleointensities lower than expected, resulting in model ages less than actual ages. The cause of this bias or whether it may be expected to occur in other geographic regions is unclear. Although paleointensity ages presented here are generally consistent with age constraints from other methods, observations and model limitations suggest that the true uncertainty of calculated ages, especially for older samples, may be significantly larger than analytical error implies.
Results
Geologic Units
[17] The distribution of lava flow fields and geochemical lava types is shown in Figure 1 . Samples of the mapped terrain are divided into five groups on the basis of systematic geological ( Figure 2 ) and/or geochemical differences ( Figure 3 ) and have been assigned N or T prefixes on the basis of normal MORB or transitional MORB-like compositional affinities (T-MORB here being defined as those lavas with K/Ti > 0.12 and K 2 O > 0.15). The distribution of N1 and T1 units were mapped primarily with field observations. The remaining sample sites fall outside the boundaries of the two geologically well-defined units and are divided into N2, N3, and T2 groups by variations in chemical composition and by limited geological observation. Other samples collected by wax core or dredge lack geologic context yet their locations are well known. We cannot preclude an off-axis origin for some wax core or dredge samples but the lack of observed off-axis vent structures and proximity of all lava types to the topographic axis (<200 m) leads us to believe that all geologic units recognized are products of on-axis eruptions.
N1 Lava (N-MORB 1)
[18] The youngest and best-mapped geologic unit is the N1 flow field (also referred to as the AldoKihi flow field [Auzende et al., 1996; Sinton et al., 2002] or L0 flow [Embley et al., 1998 ]) that straddles the ridge axis between 17°24 0 S and S. Subtle variations in sediment cover and geological relations such as lava cascading into collapse pits indicate that the N1 flow field had more than one eruptive phase [Sinton et al., 2002] . As a group, however, N1 lava can be readily distinguished from older units (Figure 2 ), and we consider the entire field to represent the products of a prolonged eruptive episode comprising a series of discrete eruptive events [Sinton et al., 2002] that must have occurred just prior to submersible operations in 1993 (see below).
[19] MgO contents of 67 N1 glasses range from 7.3-8.4 wt%; TiO 2 , FeO*, Na 2 O, K 2 O, and P 2 O 5 contents increase with decreasing MgO (Figure 3 ). Al 2 O 3 decreases with decreasing MgO and there is an inflection in CaO/Al 2 O 3 at $7.9 wt% MgO. K/ Ti values within the N1 flow range from 0.09 to 0.12. Although the major element data show coherent trends that vary with MgO, the range of radiogenic isotope and trace element data requires a compositionally heterogeneous mantle source (i.e., the N1 lava cannot be derived by differentiation from a single or small range of primary magmas; Figure 4 ). Photographs of the seafloor showing differences in sediment cover on lava from the five major geologic units/magma types described in the text, which increase in age from top to bottom. Note significant differences in sediment cover between the youngest and oldest units; differences between the youngest units (N1 and N2), perhaps erupted only years to decades apart, are more subtle. 
N2 (N-MORB 2)
[20] N2 covers a larger geographical area than N1, extending $25 km along-axis and $2.8 km acrossaxis at 17°28.5 0 S (Figure 1 ). The full extent of N2 lava is undefined because it extends at least to the northern and southern extremes of dive coverage at 17°23 0 S and 17°35.8 0 S and also to the cross-axis limits of some dives. Lobate and pillow lava are common, with rare patches of jumbled sheet flow within lava channels. Axis-parallel fissures up to more than a meter wide cleanly truncate lobes and pillows on the uppermost surface of the N2 flow and so post-date it. Both high-and low-temperature hydrothermal venting emanated from N2 lava near the axis in [Auzende et al., 1996 Embley et al., 1998; Hobson et al., 1997] .
[21] N2 major element trends are broadly similar to N1 but span a greater range of MgO (7.0-9.0 wt%, Figure 3 ). Like N1, N2 lava has isotope and trace element variability that cannot be explained by simple differentiation from a single parental magma (Figures 4 and 5) . Pb ratios (18.721 to 18.864), including the most radiogenic sample within the study area, and e Nd (+8.8 to +8.1) varies substantially ( Figure 5 and Table 1); 87 Sr/ 86 Sr ratios are nearly uniform at about 0.70270. Th/U, Zr/Y, and Sr concentrations are positively correlated with MgO content, similar to those for N1 ( Figure 5 ).
[22] Geological observations, age constraints, and geochemical characteristics suggest that N2 comprise a single geological unit, yet within it we recognize two subgroups, hereafter referred to as Figure 4 . Pb and Sr isotope and trace element ratio variation diagrams illustrate compositional ranges within and differences among the five magma groups described in the text. N1 and N2, which are distinguished by geological observations, show broad, overlapping compositional ranges. N-MORB samples form a trend that is consistent with mantle source variation; T-MORB samples have generally elevated ratios of highly incompatible to moderately incompatible elements, suggesting derivation from smaller degrees of partial melting than for N-MORB. K, Ti, Zr, and Y data by XRF on whole-rock samples; Pb and Sr isotope data on volcanic glass by TIMS; other trace element on glass by ICP-MS. 
S and 17°28
0 S, and are more differentiated than N2a. Zr/Y ratios, and Sr, Th, and U concentrations for N2b lavas are all elevated at a given MgO content relative to N2a lava, generally trending toward T1 compositions (Figures 4 and 5) . The N2 flow field may thus represent the combined products of an eruptive episode composed of individual, shorter-lived eruptive events.
T1 (T-MORB 1)
[23] The T1 flow field (called the Rehu-Marka flow by Sinton et al. [2002] after hydrothermal vent sites on it Urabe et al., 1995] , is located on the western flank of the EPR axis between 17°24 0 S and 17°26 0 S (Figure 1 ). It extends $2 km from the axis [Sinton et al., 2002] . Dive observations show that the distal part of the flow is dominated by jumbled sheet lava overlain by lobate lava closer to the axis, consistent with effusion rates that waned as the eruption progressed.
[24] T1 is the most differentiated geologic unit in the area and chemical compositions of 12 glass samples from the flow are extremely uniform over its mapped extent. Measurements for most of the major and minor elements are identical within error ( Figure 3) ; trace element concentrations for five samples analyzed by XRF are similarly homogeneous. Although the homogeneity of this unit is distinctive for the area, it also is geographically restricted and not substantially more homogeneous than other lava groups over an equivalent areal extent. An additional more differentiated wax core sample with similar K/Ti and Zr/Y is included in this group. Sr, Nd, and Pb isotope data for one T1 sample are similar to median values for the area (Table 1) ; thus elevated K 2 O, Sr, Th, and U concentrations and Zr/Y and Nd/Sm ratios relative to other magma groups cannot be accounted for by an enriched source or by greater extents of differentiation. This requires that T1 lava is derived from [Ghiorso and Sack, 1995] and published distribution coefficients [Villemant et al., 1981; McKenzie and O'Nions, 1991; Beattie et al., 1993; Hart and Dunn, 1993; Nikogosian and Sobolev, 1997; Bindeman et al., 1998 ]. Dashed lines show two-component mixing curves between high-and lowMgO end-members of N1 lava. For N-MORB groups, the variation suggests mixing between high-temperature, incompatible element -enriched and lower-temperature, incompatible element -depleted magmas derived from a less radiogenic source. Pb isotope and Th/U data by TIMS on volcanic glass; Zr/Y and Sr data by XRF on whole-rock samples. 
N3 (N-MORB 3)
[25] N3 is distinguishable from N1 and N2 lava by observations of significantly greater sediment cover and different lava morphology on Alvin dives 3359, 3361 and 3365 ( (Figure 3 ). Sixteen additional samples collected by wax core and dredge were included on the basis of similar geochemistry and sample geography. N3 samples were recovered from both flanks of the EPR between 100 m and 2.7 km from the axis at 17°24.3 0 to 17°34.2 0 S (Figure 1 ). The majority of samples occur south of 17°28.7 0 S, possibly because the middle and northern parts of the study area have been extensively resurfaced by younger flows. The N3 flow is dominated by pillow and lobate lavas, although one sample (AL3361-1) is from a jumbled sheet flow.
[26] Incompatible trace element concentrations and ratios of highly incompatible to moderately incompatible elements for N3 lava are generally lower than those of other units at the same MgO content (Figures 4, 5, and 6 (Figure 3 ). MgO contents (6.9 to 8.4 wt%) and other major element compositions in N3 are similar to N1 and N2 lava.
T2 (T-MORB 2)
[27] T2 lava was identified as heavily sedimented terrain just outside the western boundary of the N1 lava near 17°31 [28] T2 lava is the most compositionally distinct magma type in the study area with relatively elevated TiO 2 , Al 2 O 3 , and Na 2 O, and low FeO* and CaO levels (Figure 3) . Incompatible trace element concentrations and highly incompatible to moderately incompatible trace element ratios are substantially higher than other lava units at the same MgO (Figures 4, 5, and 6 (18.548, 0.70256, and +9.3, respectively) are the least radiogenic values of this study (Figure 4) . 
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Lava Ages
[29] The geological, geochemical, and age data indicate at least five separate eruptive episodes occurring over several hundred years in the area (Table 3 and Figure 7 ). The five geologic units identified clearly represent a minimum value for the number of eruptive episodes that have occurred over the timescale represented by our observations and samples. Because we have previously demonstrated that similar compositions can be erupted in separate eruptive episodes in this area [Sinton et al., 2002] , we cannot be positive that extrapolations based primarily on similar geochemistry alone constitute similar eruptive units. Furthermore, although our coverage is exceptional for mid-ocean ridge studies, we cannot be certain that all eruptive units have been identified and sampled and some smaller units could have been covered by later lava flows.
N1
[30] Auzende et al. [1994] argued that the N1 eruption must have concluded no more than a few months prior to their December 1993 visit, on the basis of water column turbidity, diffuse hydrothermal venting from biologically uncolonized areas of very fresh lava, sediment-free lava surfaces, and widespread presence of filamentous enteropneusts, bacteria and other vent biota. They also documented substantial changes in the axial region at 17°25
0 N requiring that most of the new lava was emplaced after a 1984 Cyana study [Renard et al., 1985] . Many of their observations are reminiscent of those following the eruption near 9°50 0 N on the EPR [Haymon et al., 1993] . In 1994 [Embley et al., 1998 ] saw changes to hydrothermal sites during submersible dives on N1 consistent with an evolving system that had not experienced subsequent volcanic activity, and independently estimated an eruption age of 2-3 a before late 1993 using hydrothermal fluid chemistry (e.g., 3 He, heat) and biological evidence. By the time of our 1999 program, diffuse hydrothermal activity venting warm water directly off of lava surfaces was no longer occurring and several focused flow hydrothermal sites, not yet developed in 1993, were in waning stages of activity. Ra) <1, indicating that the magma feeding this eruption was significantly younger than 120 a.
N2
[31] N2 lava is clearly distinguishable from N1 by sediment cover, and subtle sediment differences observed on Alvin dives 3357 and 3360 imply a Ra) disequilibria results for N1 and N2 groups are essentially indistinguishable, suggesting that age differences are small and that N2 lava can be no more than a few decades older than N1.
T1
[32] T1 lava is demonstrably older than both the N1 lava and N2 group by superposition, sediment cover (Figure 2) , and a single magnetic paleointensity value of 38.0 mT. The latter suggests that the flow is $160 a old [Bowles et al., 2005] Ra) activity ratio of $1 is consistent with an age !120 a (Table 3 and Figure 7 ).
N3
[33] Contacts between N3 lava and T1 were not crossed by submersible, but sediment cover on N3 lava near 17°34 0 S is much greater than on T1 lava farther north (Figure 2) . Two N3 wax core samples occur directly down slope of T1 lava, also implying that N3 is older than T1. Similarly, no contacts between N3 lava and the oldest unit in the area (T2, Figure 1 ) were observed, but sediment cover is substantially less on N3 samples than on T2. Thus N3 lava is likely between $160 and several hundred years old on the basis of magnetic paleointensity age estimates for lavas that geologically bracket N3 (T1 and T2).
T2
[34] All indications are that T2 is the oldest lava we have observed or sampled. Sediment is thickest on T2 ( Figure 2 ) and a paleomagnetic intensity value of 45.1 ± 1.7 mT (sample 3361-4) is substantially greater than other lavas from the region [Bowles et al., 2005, Ra) disequilibria and sediment cover that nearly overlap between samples of the units. In contrast, larger differences in paleointensity and sediment cover data for T1 and T2 lava imply a much longer time between these two eruptions.
[36] Besides repose between major eruptive episodes, it is also important to consider that each unit could have been produced during multiple, small eruptive events, rather than single outpourings of lava. Sinton et al. described earlier that the N2 field may also comprise separate subunits. These observations are consistent with the hierarchy of eruptive phenomena on mid-ocean ridges, described from Iceland [Saemundsson, 1991] and outlined by Sinton et al. [2002] in which flow fields produced during major eruptive episodes can contain the products of several individual eruptions.
[37] The roughly one decade we infer to separate N2 and N1 lava is in line with recurrence estimates of Perfit and Chadwick [1998] , Macdonald [1998] , and Sinton et al. [2002] for fast spreading ridges, and with observed eruption recurrence intervals on the northern EPR [Haymon et al., 1993; Rubin et al., 1994; Tolstoy et al., 2006] and the CoAxial segment of the JdFR [Chadwick et al., 1995; Embley et al., 2000] , but age constraints for older units suggest much greater repose times between eruptions. However, features such as large ridge cross-sectional area, shallow ridge depth, and a shallow magma reservoir reflector indicate that a high magmatic budget has characterized this area for a period much longer than the few decades over which we have documented closely spaced eruptions. Thus, if eruptions occur roughly every decade on the SEPR, there should have been tens of them in the past several hundred years and we have distinguished only five, leaving open the possibility that we may have combined products of multiple episodes into our individual units. However, the distinct contacts and age contrasts among the identified units suggest instead that eruptive activity in this area has been uneven and highly episodic over the last few hundred years, such that a single ''recurrence interval'' does not apply even along this very robust section of a very fast spreading ridge; eruptive activity, at ridges with lower magma supply might be expected to be even more so.
[38] The combined total estimated minimum volume of the N1, N2, and T1 flow fields is <0.5 km 3 (0.14 km 3 , 0.2 km 3 , and 0.05 km 3 , respectively, based on mapped areas and thicknesses estimated from depths of collapse pits and flow front heights). This value is less than half of the volume of the upper crust produced for this $30 km of ridge in the last $160 a assuming an average layer 2 thickness of 1.3 km and a full spreading rate of 146 mm/a. This result is consistent with deformation studies of the Krafla rifting event in Iceland [Tryggvason, 1984 [Tryggvason, , 1986 Sigurdsson, 1987] and geologic observations at Hess Deep [Stewart et al., 2005] implying that less than half of the magma that exits shallow reservoirs as dikes during rifting episodes along mid-ocean ridges is ever erupted on the surface.
Conditions of Magmatic Differentiation
[39] Although the trace element and isotopic data discussed previously require multiple primary magmas at this part of the SEPR, major element trends indicate that magmatic differentiation also plays an important role in their compositional diversity. TiO 2 , FeO*, Na 2 O, K 2 O, and P 2 O 5 increase with decreasing MgO along subparallel trends in each of the geologic units that show a substantial range of MgO contents (Figure 3 ). Plagioclase and olivine fractionation cause Al 2 O 3 to decrease steadily with decreasing MgO. The inflection in CaO/Al 2 O 3 versus MgO marks the onset of Ca-rich clinopyroxene (CPX) fractionation at $7.9 wt% MgO for N1 and N3 lavas; there is greater CaO/Al 2 O 3 range below 8.0 wt% MgO in N2 lava but the same inflection is apparent. A positive CaO/Al 2 O 3 versus MgO correlation in T1 lava also indicates CPX fractionation but the point where this began is undetermined due to lack of high-MgO samples in this unit. Limited compositional variance and small sample numbers make it difficult to determine if the T2 magma experienced varying degrees of fractional crystallization.
[40] Major element variations for all groups are well simulated using MELTS [Ghiorso and Sack, 1995] with conditions of $0.5 kbar total pressure, H 2 O contents of 0.1-0.3 wt%, and fO 2 = QFM-2, consistent with evolution in a magma reservoir $1.5 km below the seafloor (Figure 3) , which broadly corresponds to the AMC reflector depth in the area . Different parental melts are required for the N-MORB and T2 groups, but the same shallow crustal differentiation conditions apply. (Figure 5 ). Elevated Th and U concentrations and Zr/Y ratios in N2b lava can be explained by mixing between N2a and older T1 magma. Trace element trends for three N3 samples generally mimic, but are offset from, those of the N1 and N2 groups, suggesting that magma mixing also has contributed to the compositional diversity of this group.
Geochemical Evidence for Magma Mixing in the AMC
[42] The evidence for magma mixing in T1 and T2 lava is less clear than for the two youngest groups, partly because T1 and T2 have fewer isotope and trace element analyses. T1 lava is the most compositionally homogeneous magma group but shows as much Nb/Er and La/Ce variation as N1 and N2 lavas (Figure 4 ).
[43] To summarize, the three N-MORB groups all show evidence of mixing between lower-temperature, more incompatible element-depleted melts and less differentiated magmas that are relatively more enriched in incompatible trace elements and Pb isotopic composition; T-MORB groups are heterogeneous with respect to major and/or trace elements but it is unclear if magma mixing has contributed to their diversity.
[44] The strong correlations between MgO and isotopic or trace element indicators of mantlederived magma compositions are consistent with the mixing primarily taking place in shallow magma reservoirs. Magmatic evolution deeper in the crust or upper mantle will have little effect on MgO contents because of strong buffering by high-temperature phases and conditions in those regions [e.g., Sinton and Detrick, 1992] . Thus, if mixing of two compositional end-members had occurred deeper in the magmatic system while both were still relatively undifferentiated, it would be a remarkable coincidence that the isotope-and trace element -depleted parts of the mixture always cooled to a greater degree. It is more likely that for each N-MORB group, incompatible elementdepleted magma resided in the shallow AMC where it variably cooled and differentiated to lower MgO. Recharge subsequently introduced hotter, but more incompatible element-enriched magma into the AMC, followed by variable mixing between the two.
[45] Although most major element differentiation trends are nearly linear and difficult to distinguish from simple mixing lines, CaO/Al 2 O 3 versus MgO (Figure 3 ) trends preserve the previously discussed CPX inflection, which would not be preserved if high-MgO (and high-CaO/Al 2 O 3 ) recharge magma was uniformly mixed with a wide range of differentiated magmas. There are, however, relatively few N-MORB samples with <7.9 wt% MgO; these cool parts of the AMC between 17°24.4 0 S and 17°27.9 0 S must have received little replenishment with new, hotter magma, leaving those parts of the liquid lines of descent relatively unaffected by mixing. An increasing ratio of new to resident magma produces the bulk of the data plotting at or above 7.8 wt.% MgO. By this process major element trends generally consistent with shallowlevel differentiation are preserved with an overprint of isotopic and trace element indicators of mixing between incompatible element-depleted and relatively enriched magmas.
[46] Compositional variations within N1 also allow us to evaluate the geometry of magma recharge in this area. Although isotope and Th/U ratios within N1 correlate well with MgO, they do not vary regularly along axis. If new magma was introduced to the reservoir near 17°30 0 S where MgO reaches a maximum, variable mixing with resident magma to the north should produce an along-axis gradient in composition that essentially mimics the trend observed versus MgO. Instead, the lack of systematic compositional variation with latitude requires that newer magma was introduced to the shallow reservoir at a range of locations along axis and mixed to different extents with preexisting magma prior to eruption. Additionally, the efficacy of mixing along-axis is likely to be limited by the high aspect ratio of the AMC.
[47] It has recently been demonstrated that average low-MgO MORB from fast spreading ridge segments tend to be more homogeneous with respect to mantle-derived characteristics than those at slower rates, because magma homogenization and low-pressure differentiation are promoted by high melt supply to the crust [Rubin and Sinton, [2007] . It is therefore instructive to consider how incompletely mixed magmas within single eruptions as documented here provide additional constraint on the operative processes.
87 Sr/ 86 Sr ranges by ±0.00002 among N1 lavas, roughly 7% of the 2007GC001742 range in axial MORB from 13-18°S [Mahoney et al., 1994] . Abundant near-axis seamounts in this area show an even greater range of isotopic and incompatible trace element ratios than do the along-axis samples [Hall et al., 2006; Mahoney et al., 1994; Niu et al., 1996] . Although sampling differences limit the utility of comparisons between samples from one eruption and samples from many eruptions, these results further suggest that magma mixing and homogenization in the AMC have substantially reduced, but not eliminated, geochemical evidence for multiple parental magmas over short temporal and spatial scales.
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Thermal Structure of the Shallow Crust
[48] An interesting feature of N1 lava is the striking change in eruptive characteristics and lava composition north and south of 17°29-30 0 S (Figure 8 ). To the north high eruptive volumes and average eruption rates are associated with low MgO contents, whereas the opposite is true to the south. The volcanological evidence (i.e., well-developed en echelon eruptive fissures, high effusion rate flow morphologies, well-developed lava channels and tube systems distributing lava off axis, and overall erupted volume) all suggest the primary eruptive center was located near 17°27 0 S. Thus either the eruption was focused 8-9 km north of the highesttemperature subaxial magma, as indicated by lava MgO content or, alternatively, significant differentiation accompanied intrusion and transport of magma to the north during the eruption. Because of short timescales involved in the latter scenario, one might expect disequilibrium between lava composition and entrained crystals, which can be evaluated with mineral compositions in N1 lava.
N1 Olivine Data
[49] Olivine phenocrysts were analyzed in seven N1 samples chosen to represent the full compositional and geographic range of the flow field. Using a distribution coefficient for Fe and Mg partitioning between olivine and melt of 0.3 ± 0.03 [Roeder and Emslie, 1970; Ulmer, 1989] , a typical MORB Fe 3+ /total Fe ratio of 0.1 ± 0.03 [Christie et al., 1986; Bézos and Humler, 2005] , and glass and olivine compositions, we determined that N1 mean olivine compositions are in equilibrium with coexisting melt (Figure 9 ) over the range of N1 MgO contents.
[50] Along-axis variations in olivine composition generally mimic along-axis variations in MgO contents, i.e., high Fo olivines occur in the southern part of the flow field and lower Fo olivines occur farther north. The presence of equilibrium olivine over a range of MgO contents is not consistent with differentiation accompanying dike intrusion and transport to the surface, which presumably occurs over a few hours to days. Rather, we interpret the equilibrium olivine to reflect somewhat longer term variations within the AMC prior to eruption. Although the range of MgO within N1 glass indicates considerable olivine (and some CPX) crystallization, most N1 lava samples have <1% total phenocrysts, indicating that crystal fractionation processes are efficient and that the few N1 olivines that are present represent recently crystallized grains that post date mixing between high-and lower-MgO magma.
Relationships Between Lava Composition, Eruptive Phenomena, and Pre-eruptive Magma Temperature
[51] Above we argued that eruption of the N1 unit occurred from a magma chamber with significant internal chemical heterogeneity and focused 8-9 km north of the highest-temperature subaxial magma. Although this result is perhaps counterintuitive, we are not aware of any previous studies that relate erupted volumes or other volcanological phenomena to subaxial magma temperatures in moderately long fissure eruptions underlain by quasi-continuous magma reservoirs.
[52] Variations in MgO along-axis correlate crudely with depth to the seismic reflector commonly interpreted to be the top of the AMC (Figure 8 ). Shallowest at $17°25 0 S, $800 mbsf (meters below seafloor), the seismic reflector deepens steadily to the north to $1400 mbsf at 17°22 0 S, and more gradually to the south to a similar depth at $17°32.5 0 S [ Detrick et al., 1993; Hooft et al., 1997] . South of 17°32.5 0 S to the end of the study area at 17°36 0 S, the depth to the reflector varies between 1250 and 1350 mbsf. The lowest-temperature samples are from sites located either directly over or slightly south of the shallowest portion of the AMC, the highest-temperature samples were collected south of 17°30 0 S where the AMC is 400-600 m deeper. Thus the eruption center for N1 lava is near the location of the shallowest magma, but not the location of the hottest magma. A similar correlation of high-MgO lava with greater AMC depth along the Cleft segment of the JdFR is 2007GC001742 alluded to by Stakes et al. [2006] , and demonstrated regionally for the five segments that make up the JdFR by Rubin and Sinton [2007] .
Geochemistry Geophysics
[53] These observations have important implications for processes that control the residence depth of axial magma chambers and the extent of differentiation that occurs within them. Because most SEPR magmas are multiply saturated with olivine and plagioclase, temperature should bear an inverse relationship to density [e.g., Stolper and Walker, 1980; Sparks et al., 1980] , and buoyancy considerations therefore predict that the hottest magma should rise to shallower levels in the crust. However, Hooft and Detrick [1993] showed that most mid-ocean ridge magmas are thermally compensated at depths below their level of neutral Figure 8 . MgO content, estimated volume of N1 lava per 500 m of latitude, AMC profile, and AMC width versus latitude. Similar MgO variations versus latitude indicate that the location of hottest and coolest magma has persisted for several eruptive cycles. High-temperature (high-MgO) lava has mainly been erupted south of the third-order discontinuity at $17°29.2 0 S, where the depth to the axial magma reservoir is greater. Volume estimates, derived by multiplying flow field area (500 m bins) with estimated thicknesses from geologic observations such as collapse pit depths, flow front heights, and kipuka, indicate that most of the volume of N1 lava erupted between $17°26 0 S and 17°29.2 0 S, where the flow field is widest and collapse pits locally are up to 12 m deep. It is notable that this region overlies a relatively low-temperature part of the magma reservoir. Much lower volumes were erupted from the deeper, hotter AMC south of 17°29.2 0 S. 2007GC001742 buoyancy, and that temperature structure is more important than buoyancy in controlling magma depth. The eruption of the lowest-temperature lavas from the shallowest parts of the AMC suggests that extent of shallow-level cooling may be an important control on magma temperature. The most efficient mechanism of heat removal is hydrothermal cooling, and it is notable that there are many hydrothermal sites, both low-and high-temperature, clustered between 17°24 0 S and 17°28.5 0 S (Figure 1) . Cooling is most effective in the shallowest part of the crust, closest to the seawater interface and where porosity is high. The alongaxis thickness of seismic layer 2A is relatively constant in this area [Hooft et al., 1997] , so the thickness of layer 2B, with higher seismic velocity and presumably less porosity, must correlate with AMC depth, i.e., be thinnest where the AMC is shallowest (Figure 8 ). The association of the lowest-temperature magma with high layer 2A/2B thickness ratio and higher average porosity supports the contention for a relationship between magma temperature and hydrothermal cooling. Because temperature should increase with depth, it appears that magma reservoirs in this area adjust to the ambient temperature of the crustal level where they reside, rather than control it. A similar relationship and interpretation for global MORB has recently been determined by Rubin and Sinton [2007] .
[54] Although the relationship between reservoir depth and magma temperature reflect hydrothermal cooling efficiency changes with depth, this does not explain the ultimate control on where in the crust magma becomes compensated; i.e., the residence depth for a quasi-steady state magma reservoir. Another important factor is the overall magma supply rate because the magma compensation depth in the crust involves a balance between magma supply from below and cooling from above. Cooling from above will tend to increase AMC depth within the crust, whereas magma supply will tend to decrease it. The highest magma supply to the axial region is likely to be where the AMC is shallowest and widest; i.e., near 17°25 0 -27 0 S (Figure 8 ). Because the crust above the AMC is thinnest there, it is the most likely place for eruptions to be initiated because magma driving pressures required to initiate upward dike propagation are directly related to dike height [Rubin, 1993] . Although we do not know where the N1 eruption initiated, it is clear that the main locus of eruptive activity was concentrated between 17°26 0 S and 17°28 0 S, where magma temperatures and AMC depth are relatively low.
[55] A compilation of all data for the area indicates that the along-axis location of hottest and coolest magma is not unique to the N1 eruption but may have persisted for several eruptive cycles. The highest MgO samples occur between 17°30 Roeder and Emslie [1970] and Ulmer [1989] . Olivine compositions are mainly in equilibrium with their host magmas and generally mimic the along-axis distribution of high-and low-MgO samples in N1 lava. These data suggest that the major element compositional variation observed in lavas collected at the surface likely reflects that of the subaxial magma reservoir prior to eruption. Complete olivine composition data are available as auxiliary material Table S3 . and south of 17°30 0 S (only one sample with MgO >8.06 wt% occurs north of the boundary and three samples with <8.06 wt% MgO are present south of it, all from the N2 group). T1 lava is spatially restricted to the region above the shallowest portion of the AMC between 17°23.6 0 S and 17°26.4 0 S, and this group has the lowest MgO of any in the area. It is unknown whether T1 lava erupted only from the shallow portion of the magma reservoir or if T1 lava erupted elsewhere along the ridge and was subsequently covered more recent lavas. Similarly six T2 samples show a temperature distribution crudely similar to the more populous and (apparently) geographically extensive lava types. Although the lowest and highest MgO samples within N3 lava occur at 17°24.6 0 S and 17°30.3 0 S respectively, geographic distribution of MgO is relatively uniform in the group as a whole. The average MgO content of all samples south and north of 17°30 0 S is 8.20 wt% and 7.71 wt%, respectively; MELTS-derived liquidus temperatures yield a temperature difference of $9°C (1195°C-1186°C). These observations suggest that the shallow region in the AMC has existed for at least $160 a, and possibly for more than 300 a.
The 17°29
0 S Discontinuity (Figure 1 ) that corresponds to the transition zone between high-and low-MgO samples along-axis (Figure 8 ). These workers suggested that such discontinuities reflect breaks in the subaxial magmatic plumbing system. It is apparent in Figure 1 that the near-axis region is broader to the north and narrower to the south of the discontinuity. The substantial difference in axial morphology to the south and north of 17°29 0 S probably reflects at least several hundred years of crustal construction, because outward bends in the bathymetric contours can be seen extending several km away from the present axis to depths of at least 2700 m (Figure 1 ).
[57] A break in the AMC is not apparent in the seismic reflection data, although it is apparent that the AMC is wider as well as slightly shallower north of the discontinuity and narrows dramatically south of it (Figure 8 ). Thus the change in MgO content (temperature) across the discontinuity can be understood in terms of the previously discussed scenario for mixing of cooler, resident melts with new, hotter recharge melts along axis. The MgO of a magma mixture reflects the relative volumes and temperatures of the mixing components. Because the amount of differentiated magma residing in the AMC should be significantly less in the south than to the north, uniform recharge of hot magma arriving at the AMC will be less diluted by lowtemperature resident magma in the narrow, lower volume southern part, and the change in MgO across the boundary at 17°29 0 S is thus accounted for by a discontinuity in magma volume prior to recharge.
[58] The eruptive fissures of the N1 eruption appear not to have been affected greatly by longerlived segmentation of the axis. Although N1 eruptive fissures are topographically centered on the axis in the north, they continue to the south at least 9 km past the discontinuity on the western side of the topographic axis, which is displaced $280 m eastward south of the discontinuity (Figure 1) . The 280-m eastward step in the topographic axis is less than the average width of the AMC in this area (Figure 8 ), so these fissures also presumably overlie eruptible magma. If the eruption was centered in the north, as we argued above, the dikes appear to have propagated across the boundary without disruption, indicating that local stresses in the shallow crust were not significantly different north and south of 17°29 0 S.
Magma Transport From Subaxial Reservoirs
[59] The relationships between MgO, AMC depth and the location of a third-order segment boundary are most easily explained if magma transport through dikes from magma reservoir to seafloor is primarily vertical. Of particular importance is the coincidence of the sudden increase in MgO south of 17°29 0 S; significant along-axis transport of magma either to the north or south should smear out or geographically displace this relationship. That surface lava compositions preserve an apparently faithful ''snapshot'' of the underlying magma reservoir implies that magma cannot have migrated laterally more than $1.5 km from the AMC to the eruption site, a conclusion that applies to all magma groups except N3. Similarly, the coincidence of a boundary between intragraben lavas of two distinct compositions with a vertical offset in the AMC near 18°33 0 S [Sinton et al., 2002] also is consistent with vertical rise of magma directly with lateral migration of no more than a few hundred meters. Thus, in two relatively well-documented cases along the SEPR, relationships between erupted lava compositions and subaxial magma reservoirs seem to require predominantly vertical ascent of magma from the AMC to the seafloor.
[60] This result is perhaps surprising given the up to 60 km of along-axis migrations in seismicity that have been documented at Krafla in Iceland [Einarsson and Brandsdóttir, 1980] , along the JdFR [Dziak et al., 1995] , and at K lauea, Hawai'i [Koyanagi et al., 1987] , and occur in each seismically detected eruption of the JDFR and Gorda Ridges [Dziak et al., 2007] . Reconciliation of our observations, which appear to require near-vertical magma transport, with evidence for laterally migrating seismicity in other volcanic systems, can be accommodated in two ways. First, vertical magma transport within dikes and lateral seismic propagation are not necessarily mutually exclusive. For example, magma may begin to rise vertically above the point of initial dike intrusion while cracking in the crust might propagate laterally, progressively tapping magma along the top of a continuous reservoir; most factors affecting stress intensity around dikes favor upward growth and eruption rather than lateral growth [Rubin and Pollard, 1987] .
[61] Another possibility is that true lateral diking, i.e., along axis transport of magma in dikes, does indeed occur elsewhere, particularly where magma accumulation along axis is more episodic, but perhaps not for the SEPR eruptive units in this study. Studies of flow direction in dikes at Krafla in Iceland, at Ko'olau volcano in Hawai'i, and in the Troodos ophiolite suggest that magma transport in dikes includes both near-horizontal and near-vertical components of flow [Sigurdsson and Sparks, 1978; Knight and Walker, 1988; Staudigel et al., 1992; 1999; Varga et al., 1998; Borradaile and Gauthier, 2006] . However, for the Krafla and Ko'olau cases, those dikes are thought to emanate from a centrally focused magmatic source, where lateral flow is required to transport magma to distal portions of the volcanic system. These relatively deep, centralized magmatic supply systems may not be good analogs for fast spreading mid-ocean ridges underlain by shallow, nearly continuous lenses of eruptible magma [Sinton and Detrick, 1992] . In contrast, magnetic fabrics in dikes of the Oman ophiolite show an overall tendency for vertical flow [Rochette et al., 1991] .
[62] At least one geological factor may potentially make near-vertical dike transport more likely at 17°30 0 S on the SEPR than elsewhere along the mid-ocean ridge system. The average depth to the AMC is $1.3 km below the seafloor and rises to <1 km at 17°26 0 S, substantially shallower than along the northern EPR ($1.6 km) and most other mid-ocean ridge systems. Rubin and Pollard [1987] showed that the proximity of a free surface, e.g., the seafloor, will tend to increase dike height relative to length. Thus the shallow AMC in this area may allow dikes to intersect the seafloor close to their point of origin without substantial along-axis magma transport. The juxtaposition of variable lava compositions in our area can be explained by rapidly evolving conditions in the near subsurface, and near-vertical dike transport, making it unnecessary to call upon substantial along-axis transport from distant, chemically distinct magma reservoirs as suggested by Stewart et al. [2005] .
Temporal Magmatic Evolution of the Area
[63] The SEPR 17°30 0 S area is characterized by rapid variations in parental magma compositions over the last few hundred years, requiring different source compositions and melting extents. Although radiogenic isotopes track variations in source composition relatively unambiguously, it is much less straight forward to infer melting conditions. The latter usually relies on both major element and incompatible element compositions and ratios. Yet, there is evidence for a decoupling between radiogenic isotopes and incompatible elements in N-MORB from along the SEPR from 13°to 23°S that occurs as a long wavelength feature [Sinton et al., 1991; Mahoney et al., 1994] . Superposed on the N-MORB gradients is an irregular distribution of T-MORB that all previous workers have interpreted to represent low degree melts [Sinton et al., 1991; Mahoney et al., 1994; Niu et al., 1996; Hall et al., 2006] . Our data also suggest that T-MORB and N-MORB units in this area are derived from lower and greater extents of partial melting, respectively. T2 lava has relatively unradiogenic isotopic compositions and substantially higher Na 2 O, K 2 O, and P 2 O 5 than the other magma types. In contrast, T1 lavas are only slightly enriched in incompatible elements, even accounting for the more extreme amount of differentiation, but have isotopic compositions in the middle of the spectrum of lavas represented here. Aspects of T1 major element composition are consistent with derivation from primitive N-MORB melts (Figure 3 ), yet elevated K 2 O concentrations and greater highly incompatible to moderately incom- patible trace element ratios (Figure 4 ) suggest that it may also be derived from lower degrees of partial melting.
[64] Using Pb isotopic composition as a proxy for source composition and highly to moderately incompatible element trace element ratios (e.g., Zr/Y, Nd/Sm) as inverse proxies for degree of melting we can track how source composition and melting processes have varied over the last few hundred years ( Figure 10 ). Note that our data indicate that these processes have operated more or less independently, i.e., there is no apparent relation between mantle source composition and extent of melting.
[65] Overall, radiogenic isotopic compositions generally trend from less to more radiogenic Sr and Pb over the last several hundred years. The oldest unit, T2, has Pb and Nd isotopic compositions similar to 17°-17°30 0 SEPR lavas [Mahoney et al., 1994] , although 87 Sr/ 86 Sr (0.70256) is substantially lower than other samples along this broad axial isotopic peak ($0.7027). Isotope composition changed to more radiogenic Pb and Sr values with N3, T1, and N2b lava, reflecting input of magma derived from a mantle source with higher time-integrated parentdaughter ratios (Figure 10 ). In fact, lavas produced over the last $160 a (T1, N2, and N1) include the most radiogenic Pb and Sr isotopic signatures yet recorded along the SEPR axis, reaching values previously observed only in off-axis seamounts [Niu et al., 1996; Hall et al., 2006] . Although just one sample from each of the magma types T2 through N2a has been analyzed for isotopes, it is likely that isotopic diversity exists within those groups because trace element variations mimic those of the isotopically variable N2a and N1 lavas.
[66] The evolution of incompatible trace element ratios suggests variations in melting extents that are much more irregular and temporally variable than the more steady change in source composition indicated by radiogenic isotopes. Although previous studies also have argued for decoupling between source compositions and melting extents [Niu et al., 1996; Hall et al., 2006] those studies were conducted on off-axis samples where upwelling is expected to be more variable than beneath the spreading axis. A thorough evaluation of the melting processes contributing to chemical heterogeneity in this area is beyond the scope of the present paper and will be addressed in a later contribution.
[67] It is notable that every eruptive unit in this area is associated with a distinct parental magma composition inherited from mantle processes. Thus both the temporal variation in mantle melting processes and the rate of supply of magma to the crust must occur over timescales at least as high as the eruption recurrence rate. Although recharge of mantle-derived magma might be expected to be episodic beneath many mid-ocean ridge systems, we conclude that recharge at this very fast spreading ridge is essentially continuous at the scale of tens to hundreds of years, which is the resolution afforded by volcanic eruptions in this area.
Conclusions
[68] 1. High magma production rates and frequent tapping of magma reservoirs has produced at least five separate flow fields over the last several hundred years in a region of very high spreading rate; each of these flow fields probably represents a Ra) disequilibria age data give mutually consistent ages, and indicate highly intermittent eruptive activity even along this very robust section of ridge.
[69] 2. This region is characterized by lavas with relatively high isotopic and chemical diversity. Three magmatic groups show isotopic and/or trace element variations that require mixing between chemically and isotopically distinct, high-temperature parental melts with magma that has undergone varying degrees of magmatic differentiation. Major and trace element systematics and MELTS crystallization simulations suggest that mixing and differentiation processes occurred at a pressure of $500 bars, consistent with the depth ( 1400 mbsf) to the top of the AMC. The lack of systematic mixing trends with latitude suggests that new magma is intruded and mixed with resident magma along the length of the AMC, and not from widely separated, focused injection centers.
[70] 3. MgO contents and pre-eruptive magma temperatures correlate crudely with depth to the top of the magma reservoir, suggesting that a temperature-depth relationship exists for magma residing in the AMC. AMC depth appears to be controlled by a delicate balance of magma supply from below and cooling (largely hydrothermal) from above, i.e., the coolest lavas appear to erupt from the shallowest and widest parts of the AMC. Geographic trends in most of the lava units are the same, suggesting that the along-axis temperature distribution in the AMC has existed for at least $160 a. A distinct change in MgO content across an axial discontinuity and AMC width discontinuity at 17°29.2 0 S implies that newly arrived, hotter magma is less diluted by resident magma on the narrower, southern side of the discontinuity, a conclusion that also argues for relatively uniform, rather than focused, recharge along-axis.
[71] 4. Correlations among surface lava compositions, a third-order segment boundary at 17°29.2 0 S, and depth and width of the directly underlying AMC suggest that magma transport in this region is primarily vertical; lateral transport in dikes appears to be limited to less than a few kilometers. The lack of evidence for significant lateral dike propagation in this region may reflect the very shallow magma reservoir that is present at this very high spreading rate. We therefore interpret highly variable surface lava compositions in terms of rapidly changing magma compositions in the underlying shallow magma reservoir, and not a result of significant along-axis transport through dikes from distal parts of the AMC.
[72] 5. Isotopic and trace element variations within and between lava units, coupled to moderately high resolution dating, indicate a progressively changing mantle source, complicated by short-term variations in extent of melting. Each of the last five erupted units is distinct with respect to mantlederived chemical characteristics. This observation requires that changes in mantle melting processes in this region occur at rates that are less than the eruption rate.
